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Abstract 

The  expansion  coefficient  of  geometrical  optics  is  a  measure 
of  the  cross  section  of  a  tube  of  rays  and  has  the  physical  significance 
of  measuring  the  intensity  of  the  light  propagating  along  the  tube. 
Strictly,  it  is  a  point  concept  and  measures  the  intensity  along  an 
individual  ray. 

This  paper  presents  a  convenient  expression  for  the  expansion 
coefficient.   The  mathematics  involved  is  merely  an  application  of 
known  differential  geometry  hut  the  expression  derived  seems  to  be 
new  and  is  apparently  unknown  to  workers  in  electromagnetic  theory. 
The  new  feature  of  this  paper  is  that  the  formula  given  for  the 
variation  of  the  expansion  coefficient  holds  in  inhomogeneous  isotropic 
media  and  reduces  immediately  to  the  widely  known  expression  for  the 
expansion  coefficient  in  homogeneous  media,  which  involves  the  Gauss 
curvature  of  the  wave  front. 
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IntroductloD. 
In  geometrical  optics  the  concept  of  the  expansion  coefficient 
of  a  tube  of  rays  proves  to  be  VLseful.   Geometrically,  the  concept 
has  the  following  meaning.   One  deals  with  a  family  of  wave  fronts, 
\jr(x,y,z)  =  ct,  such  that  at  time  t,   the  corresponding  surface  of  the 
family  represents  the  location  of  the  light.*  In  isotropic  media, 
hctaogeneoTis  or  inhomogeneous ,  the  family  of  orthogonal  trajectories 
to  the  family  of  wave  fronts  is  the  family  of  rays  of  geometrical 
optics.  A  narrow  tube  of  these  rays,  then,  cuts  out  a  small  element 
of  surface  dw^  on,  say,  the  surface  \lf  =  ct  and  an  element  of  surface 
dw  on,  say,  the  surface  \Jr  =  ct  .   The  expansion  coefficient  is  then 
usually  loosely  defined  as  a  function  K  such  that 


(1)  K^dw^  =  KgdWg 


where  KL,  and  K  denote  the  values  of  K  at  the  respective  surfaces. 
(A  more  precise  definition  will  be  given  later.)  The  usefulness  of  the 
function  K  lies  in  the  fact  that  it  measures  the  expansion  or  contraction 
'of  a  tube  of  rays  and  indirectly  the  intensity  or  the  square  of  the 
amplitude  (if  one  treats  light  as  a  scalar  disturbance)  of  the  light 
propagating  along  the  rays,  for  one  can  show  that  if  I  is  the 
intensity  of  the  light,  then 


I-[_(iw^  =  ig^^a 


where  I^  and  I  are  the  intensities  on  the  respective  surfaces. 
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The  objective  of  this  paper  is  to  derive  a  useful  form  for 
the  function  K  as  a  function  of  s^  s  "being  arc  length  along  a  ray- 
measured  from  any  convenient  initial  point  on  the  ray.  The  form  to 
be  derived,  namely, 

(2)   ,    K(s)  =  K(s  )  e   °^  ^ 


where  R  and  R  are  the  principal  radii  of  curvatiure  of  the  wave  front  at  the 

point  where  the  ray  cuts  it,  holds  in  inhomogeneous  isotropic  media. 

2 
As  will  be  shown,  it  reduces  to  the  well-known  form 


^^^       „/_N        const 


^^^^   =  R^(s)  R2(s) 


which  holds  in  homogeneous  isotropic  media. 

The  derivation  of  (2)  does  not  reqxiire  any  new  mathematical 
result  but  in  fact  is  merely  an  application  of  some  results  in 
differential  geometry  relating  to  families  of  surfaces.  Much  of  what 

follows  is  a  simplification  using  ordinary  vector  analysis  of  some 

3 
differential  geometry  to  be  found  in  tensor  analysis  form.   The 

reduction  of  (2)  to  (5)  is  also  a  simple  consequence  of  a  fact  of 

differential  geometry.  Though  the  mathematics  is  not  new,  the  useful 

form  (2)  for  the  expansion  coefficient  in  inhomogeneous  media  does  not 

seem  to  be  known.   Also  the  consequence  (5)  is  here  derived  more 

rigorously  as  opposed  to  intiiitive  arguments  usually  given. 
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Derivation  of  the  Fundamental  Resiilt  for  K(b) 

We  start  with  the  family  of  wave  fronts  f(x-  ,x   ,x  )   =   ct 
and  the  corresponding  family  of  orthogonal  trajectories^  the  rays. 
At  any  point  along  a  ray  we  may  Introduce  the  usual  orthogonal 
triple  of  unit  vectors,  the  tangent,  principal  normal  and  hlnormal 
which  we  denote  hy  t,  n  and  b.   The  tangent  vector  to  the  ray  Is, 
of  coiirse ,  the  normal  to  the  wave  front  through  that  point  and 
the  principal  normal  and  blnormal  of.  the  ray  are  tangential  to 
the  wave  front.   For  any  space  curve  the  Serret-Frenet  formulas  apply. 
Of  these  we  need  only  the  first  one,  namely. 


(4)       t  '  =  Kn 


ii   > 


wherein  k.  Is  the  ciirvature  of  the  curve  and  where  the  derivative  Is 
with  respect  to  arc-length  along  the  curve. 

We  shall  denote  the  components  of  any  vector  by  subscripts j  thus 
the  components  of  t  are  (t  ,tp,t  ).  Any  i*ay  of  the  family  Is  represented 
by  x(s)  =  j  x.^  (s)  ,x  (s)  ,x^(s)  I .  For  each  s  the  x.  ,x  and  x  of  a  point 
on  a  ray  lies  on  some  member  of  the  family  \|f(x  ,x  ,x  )  =  ct. 

Wow 

ht,      dx .     ht, 

t'  (s)  =    i  -^  =    i  t. 
1        dx.   ds     ox.  J 
J  J 

wherein  summation  over  j  is  understood.  Hence 

t,  =  jt  •  grad  t.  . 
Then  the  first  Serret-Frenet  formula  can  be  written  in  the  component  form 


-  k 


(5)  t  •  grad  t^  =  Kn^  ,  i  =  1^2,3. 

The  common  construction  of  the  vectors  t^  n,  and  b  gives 
the  fact  that 

t  =  n  X  h  . 
Then,  "by  a  standard  vector  theorem, 

dlv  jt  =  b  •  curl  n  -  n  •  curl  b  . 

Since 

b  =  i  X  n  and  n  =  b  x  t  , 

div  t     =      (t  X  n) •  curl  n  -  (b  X  t) 'curl  b 

(6)  ~     ^   '  R  '^   curl  n  +  t  •  b  x  curl  b  . 

It  is  a  purely  algebraic,  easily  verifiable  identity  that 

(Sn      Sn      ^B  \   A 

n  •  grad  np,  n  •  grad  n^. 

However  n  •  n  =  1  and  so  each  of  the  terms  in  the  first  parenthesis  is  0. 
Then 

(7)  n  X  curl  n  =  -n«(grad  n^  grad  n_,  grad  n^) . 

Comparison  of  the  right  side  of  (7)  with  the  Serret-Frenet 
formula  (5)  shows  that  it  is  the  negative  of  the  curvature  times  the 


unit,  principal  normeLl  of  curve  C  whose  tangent  is  n.  This  curve 
passes  through  the  point  P  on  the  wave  front  and  its  tangent  is  the 
principal  normal  of  the  ray  through  P  (fig.  l) .   Such  a  curve  is  not 
necessarily  a  normal  section  of  the  wave  front  and  a  fortiori  not 
necessarily  a  normal  section  containing  a  principal  curvature.   The 
unit  principal  normal  to  this  curve  is  therefore  not  necessarily 
normal  to  the  surface.  We  shall  denote  the  c\irvature  of  this  curve 
C  by  Kp  and  the  unit  principal  normal  to  the  curve  by  n  .   Then 


(8)       n  X  curl  n  =  -k„  n.„ 


We  may  now  repeat  the  steps  for  b  X  curl  b  which  we  performed 
for  n  X  curl  n  and  conclude ^  for  the  curve  D  through  the  point  P  on 
the  wave  front  whose  tangent  is  the  binormal  b  of  the  ray  through  P, 
that 

(9)  b  X  curl  b  =  -K^  n^  ; 

where  k   is  the  cujrvature  of  the  curve  D  at  P  and  0^-,  is  the  principal 
normal  of  the  curve  D. 

If  we  now  i^tum  to  (6)  and  use  (8)  and  (9)  we  have 

(10)  div  t  =  -t  •  (k^   n^  +  ^D  Bd)  • 

We  consider  next  a  normal  section  to  the  wave  front  and  through 
P  and  the  tangent  to  the  curve  C  (which  is  the  principal  normal  n  of  the 
ray). 
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If  k  Is  the  G\irvature  of  the  aornial  section  and  if  Its  principal 
normal,  which  is  -t^,  makes  an  angle  a  with  n^  then  Meusnier's 
theorem  states  that 


Kp  cos  a  =  k.^ 


Likewise,  for  the  curve  D  we  have 


Kp  cos  (3  =  k^  , 


where  k^  is  the  curvature  of  the  normal  section  through  b  at  P. 

By  our  choice  of  a  and  p  we  have  that  -t  *  n^  =  cos  a  and 
-t  •  n_^  is  cos  3.  Then  from  (lO)  we  have 


dlv  t  =  k  +  kg 


Now  k.^  and  k  are  the  curvatures  of  two  normal  sections,  one  through 
n  and  one  through  b.  Since  n  ajad  b  are  perpendicular  to  each  other, 
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so  are  the  tvo  normal  sections.   It  is  a  theorem  of  differential 

geometry  that  the  sum  of  the  curvatures  of  any  two  perpendicular 

5 
normal  sections  is  also  the  sum  of  the  two  principal  curvat\ires. 

If  we  denote  the  principal  radii  of  curvature  by  R  and  R  then 


k^  +  kg  =  l/\  +  I/R2  snd 


(11)      div  t  =  —  +  ^ 

"2 


\   ^- 


The  sum  on  the  right  is  twice  what  is  called  the  mean  ciirvature  of 
the  surface  at  the  point  P. 

We  now  use  the  invariant  definition  of  divergence  to  obtain 
an  alternative  expression  for  div  t.  We  have  that 

(12)     divt  =^^l     1/  t-n  dw  . 

Here  V  is  the  volume  of  a  small  region  enclosing  the  point  P  at  which 

the  divergence  is  to  be  taken  and  W  is  the  boundary  of  the  region. 

The  normal  n  to  W  points  outward  from  V.  We  choose  as  our  region  V 

a  tube  of  rays  (fig.  2)  bounded  at  each  end  by  a  small  element  w^  and  w^, 

respectively,  of  the  wave  front  surfaces.   By  the  usual  argument  for 

the  evaluation  of  the  surface  integral,  we  have  that  it  is  w  -  w  . 

Let  s  be  arc  length  along  the  ray  through  P  measured  from  any  convenient 


Figure  2 
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point  on  the  ray.  Along  this  tube  of  rays  the  portion  of  the  vave 
front  of  each  of  the  continuous  family  of  fronts  cut  out  by  the 
tube  Is  a  function  of  s.  That  Is^  the  cross  section  v  Is  a  function 
of  s.  Consider,  In  particular,  the  ■w(s)  which  contains  P.  Then 


/  \    Aw 
Wp  =  w(s;  +  —  As  +   terms  of  higher  order  In  As  j 


/  \    Aw 

V,  =  w(s)  -  -T—  As  +  terms  of  higher  order  In  As. 
1    ^     As 


The  volume  V  of  the  tube  is  2AwAs  +  some  correction  term  which  approaches 
0  with  As.  Then  from  (l2)  we  have 


(15)      div  t  = 


Aw 
liffi    As 


-   As-*0   w  ' 
w-*0 

wherein  we  have  not  written  terms  which  are  of  higher  order  in  As. 
Now,  as  As  and  w  approach  zero  so  that  w  contracts  to  the 
point  P  in  its  Interior,  the  limit  obtained  will  be  a  function  of 
the  coordinates  (x  ,x  ,x  )  of  P  and  of  s,  the  parameter  of  P  on  the 
ray  which  goes  through  (x^ ,x  ,x^) .  We  shall  suppress  the  dependence  on 
(x  ,x  ,x  )  because  we  are  interested  only  In  the  variation  with 

J^  £-  ^ 

Then,  from  (ij) , 

(U)         div  t  =  F(s)  . 

We  may  Introduce  a  function  K(s)  defined  by  the  relation 
dK(s) 


s. 
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that  Is^  K(s)    Is  defined  up  to  aa  Initleil  value. 


From,  observation  of 

MbI  lim        ^ 

<is  .  ^       As 

„/    \ —     =  As  -*  0  

K(sJ  o       ■"■ 


we  see  that  K(s)  is  approximately  proportional  to  v(s),  or  that, 
approximately , 

KCsg)    wCsg) 

when  w(s)  is  a  small  surface  element  of  the  wave  front. 

It  is  more  convenient  in  applications  to  use  the  reciprocal 
of  the  K(s)  thus  far  introduced.  Hence  we  take  as  the  definition 


diCCs) 
<^^    =  _F(s)  =  -div  t 


"kRT 


Then       :  '  r  s 

-/  div  t  ds 

K(s)   =  K(s J  e  ^° 


where  s  is  some  point  on  the  ray  at  which  the  initial  value  of  K(s) 
must  be  prescribed.   In  view  of  (ll) 


(15)      K(s)  =  K(s  )  e  ^° 


-rfe^i'- 
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Thus  tlie  expansion  coefficient  is  obtained  in  terms  of  the  mean 
curvature  of  the  wave  front. 

The  Expansion  Coefficient  for  a  Homogeneous  Medium 

We  can  now  show  at  once  that  the  expansion  coefficient 
reduces  to  the  familiar  expression  in  terms  of  Gauss  curvature 
when  the  medlvim  is  homogeneous.   In  this  case  the  rays  or  the  family 
or  orthogonal  trajectories  to  the  family  of  wa^e  fronts  are  known 
from  geometrical  optics  to  be  straight  lines.   Also  the  wave  fronts 
form  a  family  of  parallel  surfaces  ,    that  is ,   the  distance  along 
each  normal  from  one  surface  of  the  family  to  another^  is  constant. 
However,  for  two  parallel  surfaces  the  principal  radii  of  curvature 
lie  along  the  same  normal  and 


R^  =  R^+s  R^^R^+s 


where  R.^"  and  R'  are  the  principal  radii  of  curvature  on  the  parallel 
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surface  and  s  is  the  constant  difference  between  the  surfaces. 

Hence 


d\  dRg 

-r. —  =  1      and     — T—  =  1 
ds  ds 


We  may  therefore  write  in  place  of  (15) 


11  - 


s 


(16)      K(s)  =  K(s^)  e  '° 


ds      ds   ,  , 


-(log  Rj_(s)  +  log  E^{s))  +   (log  R^(s^)  +  log  \{s  )) 

K(s  )  e 
o 


R-,(s   )R_(s  )       const. 
„/   \  1     o  2^  o'     

^^V   IiL(s)R2(s)   =  R^(s)R2(s)    ' 


This  is  the  familiar  form,  of  the  expsjision  coefficient  for  homogeneous 
media. 


FOOTNOTES 

It  does  not  matter  for  our  purposes  whether  one  considers  the 
light  to  he  a  single  disturbance  which  at  time  t  has  reached 
the  surface  \|f  =  ct  and  moves  with  \|f  =  ct-  as  t  increases 
(Huyghens '  viewpoint)  or  a  continuing  phenomenon  which  has  a 
definite  amplitude  on  \(r  =  ct  and  whose  amplitude  changes  as 
t  changes  -  that  is,  as  one  passes  from  one  surface  of  the 
fixed  family  to  another  siirface. 
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Fort  Monmouth,  New  Jersey 

Attn:  SIGFM/EL-AT 


Commander 

Rone  Air  Development  Center  (ARDC) 
Orlfflss  Air  Force  Base,  New  York 
Attn:  Dr.  John  S.  Burgess,  RCE 

Commander 

Air  Force  Missile  Development  Center 
Holloman  Air  Force  Base,  New  Mexico 
Attn:   HDOIL,  Technical  Library 

Director 

U,  S.  Armv  Ordnance 

Ballistic  Research  Laboratories 

Aberdeen  Proving  Ground,   Marvland 

Attn:     Ballistic  Measurements  Laboratory 

Ballistic  Research  Laboratories 
Aberdeen  Proving  Ground,   Marylarel 
Attn;     Technical  Information  Branch 


Department  of  the  Army 

Office  of  the  Chief  Signal  Officer 

Washington  25,    D.  C. 

Attn:     SIGRD-7 

Office  of  Chief  Signal  Officer 
Engineering  and  Technical  Division 
Washington  25,  D.  C. 
Attn:   SIGNST-5 

Guided  Missile  Fuze  Library 
Diamond  Ordnance  Fuze  Laboratories 
Washington  25,  D.  C. 
Attn:   R.  D.  Hatcher,  Chief  Microwave 
Development  Section 

)Arraed  Services  Technical  Information 

Agency 
Arlington  Hall  Station 
Arlington  12,  Virginia 

)Llbrary 

Boulder  Laboratories 
National  Bureau  of  Standards 
Boulder,  Colorado 

National  Bureau  of  Standards 
Department  of  Commerce 
Washington  25,  D.  C. 
Attn:   Mr.  A.  0.  McNlsh 

National  Bureau  of  Standards 

Department  of  Commerce 

Washington  25,  D.  C. 

Attn:  Oustave  Shapiro,  Chief 

Engineering  Electronics  Section 
Electricity  and  Electronics  Div. 

Office  of  Technical  Services 
Department  of  Commerce 
Washington  25,  D.  C. 
Attn:  Technical  Reoorts  Section 
("nclassiried  only) 

Director 

National  Security  Agency 
Washington  25,  D.  C. 
Attn;  n/D   (331) 

Hn.  Air  Force  Cambridge  Research  Center 

Laurence  G.  Hanscom  Field 

Bedford,  Mass, 

Attn:  CROTLR-2       P.  Condon 


(5)Hq.  Air  Force  Cambridge  Resparch  Center 
Laurence  G.  Hanscom  Field 
Bedford,  Mass. 
Attn:  CROTLS  -  J.  Armstrong 


(5)  Hq.  Air  Force  Cambridge  Research  Center 
Laurence  G.  Hanscom  Field 
Bedford,  Mass. 
Attn:  CRRD 


Director,  Avionics  Division  (AV) 
Bureau  of  Aeronautics 
Department  of  the  Navy 
Washington  25,  D.  C, 

Chief,  Bureau  of  Ships 
Department  of  the  Navy 
Washington  25,  D.  C. 
Attn:  Mr.  E.  Johnston,  Code  R33E 

Ccnmander 

D.  3.  Naval  Air  Missile  Test  Center 

Point  Mugu,  California 

Attn:  Code  366 

U.  S.  Naval  Ordnance  Laboratory 
White  Oak 

Silver  Spring  19,  Maryland 
Attn:  The  Library 

Commander 

U.  S.  Naval  Ordnance  Test  Station 

China  Lake,  California 

Attn:  Code  753 

Librarian 

D.  S.  Naval  Postgraduate  School 
Monterey,  California 

Air  Force  Development  Field  Representativ 
Naval  Research  Laboratory 
Washington  25,  D.  C. 
Attn:  Code  1072 

Director 

D.  S.  Naval  Research  Laboratory 
Washington  25,  D.  C. 
Attn:  Code  2027 

Dr.  J.  I.  Bohnert,  Code  5210 

U.  S.  Naval  Resesrch  L?boratory 

Washington  25,  D.  C.  (Unclassified  only) 

Classified  to  be  sent  to: 

Director 

U.  S,  Naval  Research  Laboratory 

Attn:   Code  5200 

Washington  25,  D.  C. 

Commanding  Officer  and  Director 

D.  E.  Navy  Underwater  Sound  Laboratory 

Fort  Trumbull,  New  London,  Connecticut 


(2) 


(2) 


Chief  of  Naval  Research 
Department  of  the  Navy 
Vashington  25,  D.  C. 
Attn:  Code  li27 

Commanding  Officer  and  Director 

U.  S.  Navy  Electronics  Laboratory  (Library) 

San  Diego  52,  California 

Chief,  Bureau  of  Ordnance 
Department  of  the  Navy 
Washington  25,  D.  C. 
Attn:  Code  Ad3 

Chief,  Bureau  of  Ordnance 
Department  of  the  Navy 
Surface  Guided  Missile  Branch 
Washington  2^,   D.  C, 
»ttn:  Code  ReSl-e 

Chief,  Bureau  of  Ordnance 
Department  of  the  Navy 
Washington  25,  D.  C. 
Attn:  Fire  Control  Branch  (RoSli) 

Department  of  the  Navy 

Bureau  of  Aeronautics 

Technical  Data  Division,  Code  1(106 

Washington  25,  D.  C. 

Chief,  Bureau  of  Ships 
Department  of  the  Navy 
Washington  25,  D.  C. 
Attn:  Code  817B 
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Conmandlng  Officer 

H.  S.  Naval  Air  Development  Center 

Johnavllle,  Pennsylvania 

Attn:  NADC  Library 

Commander 

II.  S.  Naval  Air  Teat  Center 
Patuxent  River,  Maryland 
Attn:  ET-315,  Antenna  Branch 

Director 

Naval  Ordnance  Laboratory 

Corona,  California 

Conmandlng  Officer 

tj.  S,  Naval  Ordnance  Laboratory 

Corona,   California 

Attn:     Mr.  W.  Horensteln,   Division  72 

Airtome  Instruments  Laboratory,    Inc. 

160  Old  Country  Road 

Kineola,   New  York 

Attn:     Dr.  E.   G.   Pubini,   Director 

Research  and  Engineering  Division 

Alrcom,   Inc. 
3?b  Main  Street 
Winthrop,   Mass. 

AiPerican  Machine  and  Foundry  Company 

Electronics  Division 

lOfi?  Commonwealth  Avenue 

Boston  15,   Mass. 

Attn:  Mrs.  Rita  Moravcslk,  Librarian 

Andrew  Alford,  Consulting  Engineers 
299  Atlantic  Avenue 
Boston  10,  Mass. 

Avion  Division 
ACF  Industries,  Inc. 
ROO  No.  Pitt  Street 
Alexarelria,  Virginia 
Attn:  Library 

Battelle  Manorial  Institute 

50?  King  Avenue 

Attn:  Wayne  E.  Rife,  Project  Leader 

Electrical  Engineering  Division 

Columbua  1,  Ohio 

Bell  Aircraft  Corporation 

Post  Office  Box  One 

Buffalo  5,  New  York 

Attn:  Eunice  P.  Hazelton,  Librarian 

Bell  Telephone  Laboratorl«=s,  Inc. 

Whlppany  Laboratory 

Whlppany,  New  Jersey 

Attn:  Technical  Information  Library 

Pacific  Division 

Bendlx  Aviation  Corporation 

llfOO  Sherman  Way 

North  Hollywood,  California 

Engineering  Library 

Attn:   Peggie  Robinson,  Librarian 

Bendlx  Radio  Division 

Bendlx  Aviation  Corp. 

E.  Joppa  Road 

Towson  U,  Maryland 

Attn:  Dr.  D.  M.  Allison,  Jr. 

Director  Engineering  and  Research 

Boeing  Airplane  Company 

Pllotless  Aircraft  Division 

P.O.  Box  3707 

Seattle  2k,   Washington 

Attn:  R.R.  Barber,  Library  Supervisor 

Boeing  Airplane  Company 

Wichita  Division  Engineering  Library 

Wichita  1,  Kansas 

Attn:   Kenneth  C.  Knight,  Librarian 

Boeing  Airplane  Company 

Seattle  Division 

Seattle  lb,  Washington 

Attn:  E.T,  Allen,  Librarx-  Supervisor 

BJorksten  Research  Labs,  Inc. 

P.  0.   Box  265 

Madison,  Wisconsin 

Attn:     Mrs.  Fern  B.   Korsgard 


Convair,   A  Division  of  General  Dynamics 

Corp, 
Fort  Worth,   Texas 

Attn:     K.G,  Brown,   Division  Research 
Librarian 

Convair,   A  Division  of  General  Dynamics 

Corp. 
San  Diego  12,   California 
Attn:     Mrs.  Dora  B.  Burke, 

Engineering  Librarian 


General  Electric  Advanced  Electronics  Center 
Cornell  University 
Ithaca,    New  York 
Attn:      J.   B.   Travis 


General  Electric  Company 
Electronics  Park 
Syracuse,    New  York 
Attn:     Documents  Library, 


B.   Fletcher 
Building  3-lli3A 


Cornell  Aeronautical  Laboratory,    Inc. 
Ui55  Genesee  Street 
Buffalo  21,   New  York 
Attn:     Librarian 

Daljno  Victor  Company 
A  Division  of  Textron,    Inc. 
IS15  Industrial  Way 
Belmont,   California 
Attn:     Mary  Ellen  Addems, 
Technical  Librarian 

Dome  and  Margolin,    Inc. 
29  New  York  Avenue 
Westbury,   Long  Island,   N.   Y. 

Douglas  Aircraft  Company,    Inc. 

P.O.   Box  200 

Long  Beach  1,  California 

Attn:  Engineering  Library  {C-2$0) 

Douglas  Aircraft  Co.,  Inc. 
"27  Lapham  Street 
El  Segundo,  California 
Attn:  Engineering  Library 

Douglas  Aircraft  Company,  Inc. 
3000  Ocean  Park  Boulevard 
Santa  Monica,  California 
Attni  P.T.  Cline 

Eq.  Sec.  Reference  Files, 

Eq.  Eng.  A250 

Douglas  Aircraft  Company,  Inc. 
2000  North  Memorial  Drive 
Tulsa,  Oklahoma 
Attn:  Engineering  Library,  D-2?0 

Electronics  Communication,  Inc. 
1P30  York  Road 
Tijnonlum,  Maryland 

Emerson  and  Cximing,  Inc. 
fl69  Washington  Street 
Canton,  Mass. 
Attn:  Mr.  W.  Cuming 

Emerson  Electric  Mfg.  Co. 

8100  West  Florissant  Avenue 

St.  Louis  21,  Missouri 

Attn:  Mr.  E.H.  Breslin,  Librarian 

Sylvania  Elec.  Prod.  Inc. 
Electronic  Defense  Laboratory 
P.P.  Box  205  -  (Unci) 
Mountain  View,  California 
Attn:  Library 

Fairchlld  Aircraft  Division 
Fairchild  Eng.  and  Airplane  Corp. 
Hagerstown,  Maryland 
Attn:  Library 

Famsworth  Electronics  Company 
3700  East  Pontlac  Street 
Fort  Wayne  1,  Indiana 
Attn:  Technical  Library 

Federal  Telecommunication  Labs. 
?00  Washington  Avenue 
Nutley  in,  New  Jersey 
Attn:  Technical  Library 

The  Gabriel  Electronics 
Division  of  the  Gabriel  Company 
135  Crescent  Road 
Needham  Heights  9U,  Mass. 
Attn;  Mr.  Steven  Oalagan 


General  Precision  Laboratorv,  Inc. 

63  Bedford  Road 

Pleasantvllle,  New  York 

Attn:  Mrs.  Mary  G.  Herbst,  Librarian 

Goodvear  Aircraft  Corp. 

1210  Masslllon  Road 

Akron  15,  Ohio 

Attn:  Library  D/120  Plant  A 

Granger  Associates 

Electronic  Systems 

966  Commercial  Street 

Palo  Alto,  California 

Attn:  John  V.  N.  Granger,  President 

Grumman  Aircraft  Engineering  Corporation 
Bethpage,  Long  Island,  N.  Y. 
Attn:  Mrs.  A.  M.  Grav,  Librarian 

Engineering  Library,  Plant  No.  5 

The  Hallicrafters  Company 

UiOl  West  5th  Avenue 

Chicago  2I1,  Illinois 

Attn:  La Verne  LaGloia,  Librarian 

Hoffman  Laboratories,  Inc. 
3761  South  Hill  Street 
Los  Angeles  7,  California 
Attn:  Engineering  Library 

Hughes  Aircraft  Company 
Antenna  Department 
Microwave  Laboratory 
Building  12,  Room  2617 
Culver  City,  California 
Attn:  M.  D.  Adcock 

Hughes  Aircraft  Company 
Florence  and  Teale  Streets 
Culver  City,  California 

Attn:  Dr.  L.C.  Van  Atta,  Associate  Director 
Research  Labs. 

Hycon  Eastern,  Inc. 
75  Cajnbrldge  Parkway 
Cambridge,  Mass. 
Attn;  Mrs.  Lois  Seulowiti 
Technical  Librarian 

International  business  Machines  Corp. 

Military  Products  Division 

5'5^  Madison  Avenue 

New  York  33,  New  York 

Attn:  Mr.  C.F.  HcElwain,  General  Manager 

International  Business  Machines  Corp. 
Military  Products  Division 
Owego,  "Jew  York 

Attn:  Mr.  D.  I.  Marr,  Librarian 
Department  !i59 

International  Resistance  Company 
UOl  N.  Broad  Street 
Philadelphia  S,  Pa. 
Attn:   Research  Library 

Jansky  and  Bailey,  Inc. 
1339  Wisconsin  Avenue,  N.  W. 
Washington  7,  D.  C. 
Attn:  Mr.  Delmer  C.  Ports 

Dr.  Henry  Jasik,  Consulting  Engineer 
298  Shames  Drive 
Brush  Hollow  Industrial  Park 
Westbury,  New  York 

Electromagnetic  Research  Corooratlon 
711  lljth  Street,  N.  w. 
Washington  5,  D.  C. 
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Lockheed  Aircraft  Corporation 

2555  ".  HoUywDod  Way 

California  Division  Engineering  Library 

Department  72-75,    Plant  A-1,   Bldg.   63-1 

Burbank,    California 

Attnt      N.  C.   Harnois 

The  Martin  Company 

P.   0.   Box  179 

DenTer  1,    Colorado 

Attnt     Mr.    Jack  McCormlck 

The  Olenn  L.  Martin  Company 
Baltimore  3,   Maryland 
Attnt     Engineering  Library 
Antenna  Deelgn  Group 

Maryland  Electronic  Manufacturing  Corp. 
5009  Calvert   Road 
College  Parte,    Maryland 
Attni     Mr.   H.  Warren  Cooper 

Matheaatlcal  Reviews 
190  Hope  Street 
Providence  6,   Rhode  Island 

The  W,   L,   Maxson  Corporation 

U60  West   3Uth  Street 

New  York,    N.  Y. 

Attn:     Mlas  Dorothy  Clark 

McDonnell  Aircraft  Corporation 

Lambert  Saint-Louis  Municipal  Airport 

Box  516,   St.  Louia  3,   Missouri 

Attnt     R.  D.  Dtrtrlch,   Engineering  Library 

McMillan  Laboratory,    Inc. 

Brown vllle  Avenue 

Ipswich,  Massachusetts 

Attn:      Security  Officer,    Document  Roob 

Melpar,    Inc.  (2) 

3000  Arlington  Boulevard 

Falls  Church,   Virginia 

Attn:     Engineering  Technical  Library 

Microwave  Development  Laboratory 
90  Broad  Street 
Babson  Park  57,    Massachusetts 
Attni     N.  Tucker,    General  Manager 

Microwave  Radiation  Ccwipany  Inc.  • 

19223  South  Hamilton  Street 

Gardena,    California 

Attn:     Mr.   Morris  J.  Ehrlich,    President 

Chance  Vought  Aircraft,    Inc. 
9311i  West   Jefferson  Street 
Dallas,    Texas 
Attnt     Mr.  H.  S.  White,   Librarian 

Northrop  Aircraft,   Inc. 
Hawthorne,   California 

Attn:     Mr.  E.   A.   Freitas,    Ubrary  Dept  JLU5 
1001  E.  Broadway 

Remington  Rand  Oniv.  -  Division  of  Sperry 

Rand  Corporation 
1900  West  Allegheny  Avenue 
Phlladeli*ia  29,    Pennsylvania 
Attnt     Mr.    John  F.   McCarthy 

R  and  D  Sales  and  Contracts 

North  American  Aviation,    Inc. 
1221it  Lakewood  Boulevard 
Downey,    California 
Attn:     Engineering  Library  U95-115 

North  American  Aviation,    Inc. 
Los  Angeles   International  Airport 
Los  Angeles  hSt   California 
Attn:     Engineering  Technical  File 

Page  Communications  Engineers,    Inc# 
710  Fourteenth  Street,   Northwest 
Washington  5,   D.  C« 
Attn:     Librarian 

Phllco  Corporation  Research  Division 

Branch  Library 

U700  Wlssachickon  Avenue 

Philadelphia  bU,    Pa. 

Attnt     Mrs.   Dorothy  S.  Collins 


Plckard  and  Bums,    Inc* 

2ljO  Highland  Avenue 

Needhaa  9U,  Mass. 

Attni     Dr.   J.  T.  DeBettenconrt 

Polytechnic   Research  and  DevelopMut 

Conpany,    Inc« 

202  Tlllary  Street 

Brooklyn  1,  New  York 

Attn:  Technical  Library 

Radiation  Engineering  Laboratory 
Main  Street 
Maynard,  Mass. 

Attn;  Dr.  John  Rnze 

Radiation,  Inc. 

P.  0.  Drawer  37 

Melbourne,  Florida 

Attn:  Technical  Library,  Mr.  M.L.  Cox 

Radio  Corp.  of  America 

RCA  Laboratories 

Rocky  Point,  New  York 

Attn:  P.  S.  Carter,  Lab.  Library 

RCA  Laboratories 
David  Samoff  Research  Center 
Princeton,  New  Jersey 
Attnt  Miss  Fern  Cloak,  Librarian 
Research  Library 

Radio  Corporation  of  America 
Defense  Electronic  Products 
Building  10,  Floor  7 
Canden  2,   New  Jersey 
Attni  Mr.  Harold  J,  Schrader 

Staff  Engineer,  Organization 

of  Chief  Technical 

Administrator 

The  Ramo-Wooldrldge  Corporation 
P.O.  Box  U5U53  Airport  Station 
Los  Angeles  li5,  California 
Attn:  Margaret  C.  Whitnah, 
Chief  Librarian 

Hoover  Microwave  Co, 
9592  Baltimore  Avenue 
College  Park,  Marvlar^ 

Director,  OSAF  Project  RAND 

Via:  Air  Force  Liaison  Office 

The  Rand  Corporation 

1700  Main  Street 

Santa  Monica,  California 

Rantec  Corporation 

Calabasae,  California 

Attn:   Grace  Keener,  Office  Manager 

Raytheon  Manufacturing  Company 
Missile  Systems  Division 
Bedford,  Mass. 
Attn:  Mr.  Irving  Goldstein 

Raytheon  Manufacturing  Company 
Wayland  Laboratory,  State  Road 
Wayland,  Mass. 
Attn:  Mr.  Robert  Borts 

Raytheon  Manufacturing  Company 
Wayland  Laboratory 
Wayland,  Mass. 

Attn;  Miss  Alice  0,  Anderson, 
Librarian 

Republic  Aviation  Corporation 
Farmingdale,  Long  Island,  N.  Y. 
Attn:  Engineering  Library 

Thru:  Air  Force  Plant  Representative 
Republic  Aviation  Corp. 
Farmingdale,  Long  Island,  N.Y. 

Rheem  Manufactiirlng  Company 
9236  East  Hall  Road 
Downey,  California 
Attn:   J,  C.  Joerger 

Trans-Tech,  Inc. 
P.  0.  Box  3I46 
Frederiok,  Maryland 


Ryan  Aeronautical  Company 
Lindbergh  Field 
San  Diego  12,  California 
Attn:  Library  -  unclassified 

Sage  Laboratories 
159  Linden  Street 
Wellesley  6I,  Mass. 

Sanders  Associates 
95  Canal  Street 
Nashua,  New  Hampshire 
Attn:  N.  R,  Wild,  Library 

Sandia  Corporation,  Sandla  Base 

P.O.  Box  5900,  Albuquerque,  New  Mexico 

Attn:  Classified  Document  Division 

Sperry  Gyroscope  Conpany 

Great  Neck,  Long  Island,  New  York 

Attn:  Florence  W.  Tumbull,  Engr,  Librarian 

Stanford  Research  Institute 

Menlo  Park,  California 

Attnt  Library,  Engineering  Division 

Sylvania  Electric  Products,  Inc. 
100  First  Avenue 
Waltham  51i,  Mass. 

Attn:  Charles  A.  Thornhlll,  Report  Librarian 
Waltham  Laboratories  Library 

Systems  Laboratories  Corporation 
lL'^52  Ventura  Boulevard 
Sherman  Oaks,  California 
Attn:  Donald  L.  Margerum 

TRG,  Inc, 

17  Union  Square  West 

New  York  3,  N.  Y. 

Attn:  M.  L,  Henderson,  Librarian 

A.  S.  Thomas,  Inc, 

161  Devonshire  Street 

Boston  10,  Mass. 

Attnt  A.  S.  Thomas,  President 

Bell  Telephone  Laboratories 
Murray  Hill 
New  Jersey 

Chu  Associates 

P.  0.  Box  387 
Whltcomb  Avenue 
Littleton,  Mass. 

Microwave  Associates,  Inc, 
Burlington,  Mass. 

Raytheon  Manufacturing  Company 
Missile  Division 
Hart well  Road 
Bedford,  Mass. 

Radio  Corporation  of  America 
Aviation  Systems  Laboratory 
225  Crescent  Street 
Waltham,  Mass . 

Lockheed  Aircraft  Corporation 
Missile  Systems  Division  Research  Library 
Box  50li,  Sunnyvale,  California 
Attn:  Miss  Eva  Lou  Robertson, 
Chief  Librarian 

The  Rand  Corporation 
1700  Main  Street 
Santa  Monica,  California 
Attn:  Dr.  W.  C.  Hoffman 

Ccmonander 

AF  Office  of  Scientific  Research 

Air  Research  and  Development  Command 

liith  Street  and  Constitution  Avenue 

Washington,  D.  C, 

Attn:     Mr,   Otting,    SHY 

Westinghouse  Electric  Corp, 
Electronics  Division 
Friendship  Tnta  Airport  Box  7U6 
Baltimore  3,  Maryland 
Attnt     Engineering  Library 
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Wheeler  Laboratoriea,  Inc. 
122  Cutter  Mill  Road 
OrMt  Neck,  New  York 
Attn:  Mr.  Harold  A.  Wheelar 

Zenith  Plastics  Co. 
Box  91 

Oardena,  California 
Attn:  Mr.  S.  S.  Oleesky 

Library  Geophysical  Institute 
of  the  University  of  Alaska 
College 
Alaska 

University  of  California 

Berkeley  li,  California 

Attni  Dr.  Samuel  Silver, 

Prof.  Engineering  Science 
Division  of  Elec.  Eng.  Electronics 
Research  Lab. 

University  of  California 
Electronics  Research  Lab. 
332  Cory  Hall 
Berkeley  U,  California 
Attn:  J.  R.  Wbinnery 

California  Institute  of  Technology 
Jet  Propulsion  Laboratory 
liPOO  Oak  Grove  Drive 
Pasadena,  California 
Attn:  Mr.  I.  E.  Newlan 

California  Institute  of  Technology 
1201  E,  California  Street 
Pasadena,  California 
Attn:  Dr.  C.  Papas 

Carnegie  Institute  of  Technology, 
Schenley  Park 

Pittsburgh  13,  Pennsylvania: 
Attn:   Prof.  A.  E.  Heins 

Cornell  University 

School  of  Electrical  Engineering 

Ithaca,  New  York 

Attn:  Prof.  G.  C.  Dalman 

University  of  Florida 

Department  of  Electrical  Engineering 

Gainesville,  Florida 

Attn:  Prof.  M.  H,  Latour,  Library 

Lib'-ary 

Georgia   Institute  of  Technology 

Engineering  Experiment   Station 

Atlanta,   Georgia 

Attn:     Mrs.    J.H.   Crosland,    Librarian 

Harvard  University 

Technical  Reports  Collection 

Gordon  McKay  Library,   303 A  Pierce  Hall 

Oxford  Street,   Cambridge  3^^,   Mass. 

Attn:     Mrs.  E.L.   Hufschmidt,   Librarian 

Harvard  College  Observatory 
60  Garden  Street 
Cambridge  39,   Mass. 
Attn:     Eh-.  Fred  L.   Whipple 

University  of  Illinois 
Documents  Division  Library 
Urbana,    Illinois 

University  of  Illinois 
College  of  Engineering 
Urbana,    Illinois 

Attn:     Dr.   P.   E.   Moyes,    Department  of 
Electrical  Engineering 

Tbe. Johns  Hopkins  University 
Homewood  Campus 
Department  of   Physics 
Baltimore  18,   Marylam^ 
Attn:     Dr.   Donald  E.  Kerr 

Sandia  Corporation 
Attn:     Organization  l'i23 
Sanaia  Base 
Albuiuerrme,   New  Mexico 


Applied  Physics  Laboratory 
The  JohflSHopidns  University 
8621  Georgia  Avenue 
Silver  Spring,   Maryland 
Attn:     Mr,    George  L.   Selelstad 

Hasaachusetts  Institute  of  Technology 

Research  Laboratory  of  Electronics 

Room  208-22 1 

Cantoridge  39,   Massachusetts 

Attn:     John  H.   Hewitt 

Massachusetts   Institute  of  Technology 
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